Background Although various radiographic measurements have been developed and used for evaluating hallux valgus, not all are universally believed to be necessary and their relationships have not been clearly established. Determining which are related could provide some insight into which might be useful and which would not. Questions/Purposes We investigated the reliability of eight radiographic measurements used to evaluate hallux valgus, and determined which were correlated and which predicted the hallux valgus angle. Methods We determined eight radiographic indices for 732 patients (mean age, 51 years; SD, 17 years; 107 males and 625 females) with hallux valgus: hallux valgus angle, intermetatarsal angle, hallux interphalangeal angle, distal metatarsal articular angle, proximal phalangeal articular angle, simplified metatarsus adductus angle, first metatarsal protrusion distance, and sesamoid rotation angle. Intraobserver and interobserver reliabilities of each radiographic measurement were analyzed on 36 feet from 36 randomly selected patients. Correlations among the radiographic measurements were analyzed. Radiographic measurements predicting hallux valgus angle were evaluated using multiple regression analysis. Results Hallux valgus angle had the highest reliability, whereas the distal metatarsal articular angle and simplified metatarsus adductus angle had the lowest. Distal metatarsal articular angle, intermetatarsal angle, and sesamoid rotation angle had the highest correlations with hallux valgus angle. Distal metatarsal articular angle correlated with sesamoid rotation angle. The intermetatarsal angle, interphalangeal angle, distal metatarsal articular angle, first metatarsal protrusion distance, sesamoid rotation angle, and metatarsus adductus angle predicted the hallux valgus angle. Conclusions We suggest using hallux valgus angle, intermetatarsal angle, interphalangeal angle, sesamoid rotation angle, and first metatarsal protrusion distance considering their reliability and prediction of the deformity. Level of Evidence Level II, diagnostic study. See
Introduction
Hallux valgus is a common deformity in which the big toe primarily is deviated laterally at the metatarsophalangeal joint. However, this deformity is too complex to be Each author certifies that he or she, or a member of their immediate family, has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution has approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation was waived by the ethical committee due to the retrospective nature of the study. evaluated at one joint on one plane. Hallux valgus occurs frequently with a medial deviation of the first metatarsal bone, a deformity on the phalangeal bone and interphalangeal joint, and pronation of the big toe with sesamoid subluxation [4] .
Symptomatic hallux valgus resistant to nonoperative management is treated surgically. A range of surgical methods [4, 6, 14] has been developed to correct each component of the hallux valgus and concurrent abnormalities. In determining the appropriate surgical treatment and assessing the postoperative outcome, some authors consider radiographic evaluation an important tool [4, 6, 14] . However, most radiographic measurements focus on the angular deformities in the transverse plane, which are measured on dorsoplantar foot radiographs [4] , and rotational deformities in the coronal plane have attracted relatively less attention, although the deformity is three-dimensional and the radiographic measurements in the transverse plane would likely be affected by the deformities of the coronal plane.
Numerous studies have reported the reliability of various radiographic measurements evaluating a hallux valgus deformity [3, 5, 15, 20, 21, 24] . These studies generally report reliability ranging from 0.38 to 0.99 in intraclass correlation coefficient (ICC) values. However, all these radiographic indices might not be necessary to critically assess the deformity, and the correlations between radiographic indices might help discriminate between the real and apparent deformities caused by the different projections of the radiographic images.
We therefore investigated various measures to establish (1) their reliability; (2) the relationships among the radiographic measurements on different planes; and (3) their ability to predict the hallux valgus angle.
Patients and Methods
We retrospectively reviewed 762 patients who visited our orthopaedic clinic for hallux valgus between January 2004 and May 2011 and underwent a radiographic examination. The radiographic evaluation included a weightbearing dorsoplantar foot radiograph, weightbearing lateral foot radiograph, and weightbearing sesamoid axial view radiograph. We excluded 30 patients with previous surgery of the foot and lower extremity, foot fractures, congenital malformation, neuromuscular diseases, tumors, or infections that could cause foot deformities. These exclusions left 732 patients; we used one foot from each patient (see subsequently). The mean age of the patients was 51 years (SD, 17 years), and there were 107 male and 625 female patients. The mean hallux valgus angle was 23°(SD, 11°) ( Table 1 ). This retrospective study was approved by the Institutional Review Board at our hospital.
We calculated the prior sample size to determine the minimum number of patients required based on reliability testing. In this study, the ICCs were used for reliability testing at a target value of 0.8 and a 95% CI of 0.2. We calculated the sample size to be 36 patients with a Bonett's approximation [2] . One foot from each patient was selected by random sampling for statistical independence and included for data analysis [18] .
The foot radiographs were taken using a UT 2000 X-ray machine (Philips Research, Eindhoven, The Netherlands) at a source-to-image distance of 100 cm and were set to 50 kVp and 5 mAs with the patients standing. We retrieved the radiographic images using a picture archiving and communication system (PACS) (IMPAX; Agfa Healthcare, Mortsel, Belgium), and radiographic measurements were performed using PACS software. The radiographic imaging and measuring system was digital.
We identified and assessed the following 14 radiographic measurements evaluating hallux valgus from a literature review: hallux valgus angle [10] , intermetatarsal angle [10] , distal metatarsal articular angle [19] , proximal phalangeal articular angle [1] , interphalangeal angle [1] , first metatarsal protrusion distance [9] , metatarsus adductus angle [11] , simplified metatarsus adductus angle [7] , first metatarsal cuneiform angle [8] , tibial sesamoid position [14] , tibia sesamoid-second metatarsal distance [12] , sesamoid rotation angle [13] , axial tibial sesamoid-second metatarsal distance [12] , and axial tibial sesamoid grade [25] . These measures were selected based on the consensus of four orthopaedic surgeons (PMS, KML, KHS, TWK) with orthopaedic experience of 12, 10, 8, and 5 years, respectively. During the consensus discussion, we excluded qualitative indices such as tibial sesamoid position and axial tibial sesamoid grade. Tibial sesamoid-second metatarsal distance and axial tibial sesamoid-second metatarsal distance were believed to be affected by differences in body size and also were excluded. We also excluded other redundant measurements (first metatarsal cuneiform angle and metatarsus adductus angle). Eight of the 14 items were finally elected for the radiographic measurements. The following items were measured on the dorsoplantar foot radiographs: hallux valgus angle [10] , intermetatarsal angle [10] , hallux interphalangeal angle [23] , distal metatarsal articular angle [19] , proximal phalangeal articular angle [1] , simplified metatarsus adductus angle [7] , and first metatarsal protrusion distance [9] . We measured one item on the sesamoid axial view radiographs, sesamoid rotation angle [13] .
Another consensus-building session was held among the three orthopaedic surgeons (KML, KHS, TWK) for reliability testing, where they agreed on the details of the methods for the radiographic measurements.
On the dorsoplantar foot weightbearing radiographs, the hallux valgus angle is the angle between the longitudinal axis of the first metatarsal and that of the proximal phalanx [10] . The intermetatarsal angle was the angle between the longitudinal axis of the first and second metatarsals [10] . The hallux interphalangeal angle was the angle between the longitudinal axis of the proximal phalanx and the distal phalanx of the hallux [23] . The proximal phalangeal articular angle was the angle between a line perpendicular to the longitudinal axis of the proximal phalanx and a line delineating the orientation of the proximal phalangeal base articular surface [1] . The simplified metatarsus adductus angle was defined as the angle between the longitudinal axis of the second metatarsal and the longitudinal axis of the middle cuneiform [7] (Fig. 1 ). The distal metatarsal articular angle was the angle between a perpendicular line to the longitudinal axis of the first metatarsal and a line delineating the orientation of the metatarsal head articular surface ( Fig. 2) [19] . The articular surface was identified by the subchondral sclerotic bone or the continuation of the articular curve. The first metatarsal protrusion distance was defined as the distance between the arcs of the bisecting lines of the first and second metatarsals from the common intersection of the two lines ( Fig. 3 ) [9] .
One index was measured on the weightbearing sesamoid axial view. The sesamoid rotation angle was defined as the angular relationship between the weightbearing surface and a line connecting the most inferior aspect of the medial and lateral sesamoid [13] (Fig. 4 ).
To determine interobserver reliability we randomly selected 36 foot radiographs of 36 patients based on sample size calculation. The three orthopaedic surgeons (KML, KHS, TWK) measured the radiographic indices independently without knowledge of the patients' clinical information and the other orthopaedic surgeons' measurements. The order of the 36 radiographs was presented randomly to each orthopaedic surgeon by a research assistant using statistical software (SPSS, 15.0, Chicago, IL). To determine intraobserver reliability, one (KHS) of the three orthopaedic surgeons repeated the measurements for the 36 radiographs with an interval of 4 weeks. We analyzed the interobserver and intraobserver reliabilities using the ICCs; 95% CIs were determined in the setting of a two-way random effect model, a single measurement, and absolute agreement.
One author (KHS) measured the radiographic indices on all films, and the data were used for the correlation test and multiple regression analysis.
We used descriptive statistics to summarize the patients' demographics and radiographic measurements. The data normality was determined using a Kolmogorov-Smirnov test. The correlations between the radiographic measurements were analyzed using Pearson's correlation coefficients to investigate the relationships among the radiographic measurements on different planes. Multiple regression analysis was performed to examine the radiographic measurements predicting the hallux valgus angle after univariate analysis; variables at the p value of B 0.1 in the univariate analysis were included in multiple regression. The goodness of fit was presented as the adjusted r 2 value. Data from one author's (KHS) measurements were used for correlation and multiple regression analyses.
Results
The hallux valgus angle had the highest interobserver reliability with an ICC of 0.985 (95% CI, 0.975-0.992) Fig. 2 The distal metatarsal articular angle (asterisk) is the angle between a perpendicular line to the longitudinal axis of the first metatarsal and a line delineating the orientation of the metatarsal head articular surface. followed by the sesamoid rotation angle (ICC, 0.925; 95% CI, 0.875-0.958) and first metatarsal protrusion distance (ICC, 0.901; 95% CI, 0.836-0.943). The distal metatarsal articular angle had the lowest interobserver reliability with an ICC of 0.380 (95% CI, 0.149-0.592) followed by the simplified metatarsus adductus angle (ICC, 0.620; 95% CI, 0.452-0.760) ( Table 2 ). In intraobserver reliability, the hallux valgus angle showed the highest ICC value (0.989; 95% CI, 0.979-0.994) and the simplified metatarsus adductus angle the lowest (0.756; 95% CI, 0.583-0.864), respectively ( Table 3) .
The hallux valgus angle had the highest correlation with the distal metatarsal articular angle (r = 0.636, p \ 0.001) followed by the intermetatarsal angle (r = 0.621, p \ 0.001) and sesamoid rotation angle (r = 0.598, p \ 0.001). The distal metatarsal articular angle had the highest correlation with the sesamoid rotation angle (r = 0.461, p \ 0.001) ( Table 4) .
After univariate analysis, the intermetatarsal angle, interphalangeal angle, distal metatarsal articular angle, proximal phalangeal articular angle, first metatarsal protrusion distance, and sesamoid rotation angle were included in multiple regression analysis. Of these, intermetatarsal angle (p \ 0.001), interphalangeal angle (p \ 0.001), distal metatarsal articular angle (p \ 0.001), first metatarsal protrusion distance (p \ 0.001), sesamoid rotation angle (p \ 0.001), and simplified metatarsus adductus angle (p = 0.009) were the measurements predicting hallux valgus angle (adjusted r 2 = 0.632) ( Table 5 ).
Discussion
Various radiographic measurements have been developed and used for evaluating hallux valgus. However, some may not be necessary and their relationships have not been well established. We presumed determining their relationships could provide some insight into their usefulness. We therefore investigated the reliabilities of radiographic measurements and correlations among them and performed multiple regression analysis to determine which radiographic measurements predicted the hallux valgus angle.
Before discussing the findings of our study, study limitations need to be addressed. First, we studied only the relationships of the radiographic measurements and not the symptomatic correlation of the radiographic measurements or postoperative responsiveness as a result of the retrospective nature of the study. A longitudinal study is required investigating the clinical relevance of the radiographic measurements. Second, the hallux valgus angle was used as a gold standard and as a dependent variable in multiple regression analysis although hallux valgus is a complex three-dimensional deformity, and hallux valgus angle can explain the deformity on only one plane. However, hallux valgus deformity is defined and graded primarily by the hallux valgus angle observed on radiographs [4] .
In this study, the hallux valgus angle had the highest ICC and most of the radiographic measurements had high ICC values greater than 0.8 on either interobserver or intraobserver reliability testing except for the distal metatarsal articular angle and simplified metatarsus adductus angle. The distal metatarsal articular angle and simplified Fig. 3 The first metatarsal protrusion distance is the difference between the arcs of the bisecting lines of the first (a) and second metatarsals (b) from the common intersection of the two lines. metatarsus adductus angle had much lower ICC values compared with previous study results [3, 5, 15, 20, 21, 24] ( Table 6 ). The ICC value of the simplified metatarsus adductus angle might have been affected by a narrow measurement range [22] , and unclear landmarks for the distal metatarsal articular surface may have caused the relatively lower ICC values.
The hallux valgus angle correlated with the distal metatarsal articular angle, intermetatarsal angle, and sesamoid rotation angle. This confirms the complex three-dimensional Fig. 4 The sesamoid rotation angle is the angular relationship between the weightbearing surface and a line connecting the most inferior aspect of the medial and lateral sesamoid (angle between a and b). nature of hallux valgus deformity. In addition, the distal metatarsal articular angle correlated strongly with the sesamoid rotation angle. Considering the shape of the metatarsal head is more prominent volarly, pronation deformity of the first metatarsal bone might cause the lateral shift of a volarly prominent metatarsal articular surface. This might have finally resulted in the increased distal metatarsal articular angle. Therefore, an increased distal metatarsal articular angle might not be a true deformity of the dorsoplantar radiographic image but a secondary projection of a pronation deformity. This could be an error caused by evaluating a three-dimensional deformity with a two-dimensional tool. If that is true, the necessity of a chevron medial closing wedge osteotomy to correct the increased distal metatarsal articular angle needs to be reevaluated after the pronation deformity of the first metatarsal bone is corrected. However, there is insufficient evidence regarding this issue and additional investigation will be needed. Furthermore, the intermetatarsal angle correlated with the sesamoid rotation angle. From this correlation between radiographic measurements, we assumed valgus and pronation occur concurrently at the first tarsometatarsal joint. If this is true, the proximal metatarsal osteotomy should include a rotational component and reduce the intermetatarsal angle. We propose a cadaveric study to clarify this issue.
A previous study reported that postoperative sesamoid position was important in the surgical outcome [17] , and surgeons need to focus on the pronation deformity more in evaluating and treating hallux valgus deformity. The simplified metatarsus adductus angle had a relatively low correlation with the hallux valgus angle. This angle can be used to evaluate the relationship between the forefoot and the midfoot, and the simplified metatarsus adductus angle was a contributing factor to the hallux valgus angle.
Although it has been reported that the planovalgus foot deformity is associated with the hallux valgus deformity [16] , the clinical relevance of the simplified metatarsus adductus angle needs to be investigated further.
In multiple regression analysis, intermetatarsal angle, interphalangeal angle, distal metatarsal articular angle, simplified metatarsus adductus angle, first metatarsal protrusion distance, and sesamoid rotation angle predicted hallux valgus angle. Those measurements are important in predicting the three-dimensional hallux valgus deformity, and their clinical implications require further investigation in a future study.
The hallux valgus angle, intermetatarsal angle, interphalangeal angle, sesamoid rotation angle, and first metatarsal protrusion distance are worth measuring for a hallux valgus deformity considering their reliability and predicting the three-dimensional hallux valgus deformity.
